1. Introduction {#sec1}
===============

While there are currently a wide variety of vaccines against influenza A and B viruses, no vaccine against other respiratory infections has yet been licensed, despite attempts over many years to develop such vaccines ([@bib45]). In particular, there is an urgent need to develop a safe and efficacious vaccine against respiratory syncytial virus (RSV). RSV infection causes lower respiratory disease in infants and young children, with an estimated annual global burden of 33.1 million episodes of acute lower respiratory tract infection and over 100,000 deaths ([@bib40]). The development of an RSV vaccine suffered a major setback in the 1960s, when an alum-adjuvanted formalin-inactivated RSV (FI-RSV) vaccine resulted in enhanced respiratory disease (ERD) in infants and toddlers after subsequent exposure to natural RSV infection ([@bib18]). Development of an RSV vaccine is more problematic than an influenza vaccine because of striking differences in the virology and host response to these two pathogens. Influenza infection induces mucosal IgA and systemic IgG antibodies, as well as broadly reactive T-cell responses, which help to protect against re-infection by neutralizing the virus, or ameliorate the disease by killing infected cells. RSV, in contrast, can re-infect an individual even in the presence of high levels of virus-specific neutralizing antibodies ([@bib13]). This is because RSV can modulate the host immune system, impairing B-cell memory and reducing T-cell generation and functionality (reviewed in ([@bib3])). FI-RSV vaccination has been shown to induce T helper type 2 (Th2)-biased CD4 T cells with low levels of cytotoxic CD8 T cells and less protective antibodies, causing ERD in animal models after RSV challenge, accompanied by high pulmonary eosinophilic infiltrates ([@bib6]; [@bib10]; [@bib19]). The ability of RSV M2-specific CD8 T cells to protect against a secondary infection and inhibit severe pulmonary eosinophilia by reducing the number of Th2 CD4 T cells in the lungs after RSV challenge ([@bib9]; [@bib33]; [@bib41]) provided the rationale for designing a new class of CD8 T-cell-based RSV vaccines. However, excessive generation of RSV M2 epitope-specific systemic memory CD8 T cells can result in exacerbated morbidity and mortality following RSV infection, indicating that caution is needed in designing T-cell-based RSV vaccines ([@bib38]). Importantly, Schmidt et al. demonstrated that a booster immunization with M2~82~ RSV epitope, delivered directly to the lungs by a recombinant influenza virus expressing this epitope, generated RSV-specific lung-localized memory CD8 T cells, which were associated with reduced immunopathology following RSV challenge ([@bib38]). These data suggest that the site of administration of T-cell-based RSV vaccines is crucial. For example, these epitopes can be delivered to the respiratory tract by live attenuated influenza vaccine (LAIV) viruses ([@bib15]), which are known to be effective inducers of cross-reactive T-cell responses ([@bib14]; [@bib20]; [@bib29]). In addition, such bivalent LAIV-RSV vaccines could be used for simultaneous prophylaxis of the two respiratory pathogens.

We have previously generated two prototype LAIV-RSV viral vectored vaccines carrying several conserved T-cell epitopes of RSV inserted into the neuraminidase (NA) or NS1 gene of H7N9 LAIV virus. These vaccines induced functional cytotoxic T-cell immune responses, targeted at both influenza virus and the RSV M2~82~ epitope ([@bib16]; [@bib22]). Subsequently, we demonstrated that these recombinant viruses were able to protect vaccinated mice against virulent influenza virus and, most importantly, RSV, without causing inflammatory disease ([@bib21]). In the latter experiment, RSV M2~82~ epitope-specific T-cell recall responses were measured in lungs and bronchoalveolar lavage (BAL) five days after RSV challenge; levels in the LAIV-RSV groups were significantly higher than those in groups given the LAIV vector or FI-RSV ([@bib21]). The precise mechanisms of immune protection afforded by such LAIV-vectored RSV vaccines still need to be established. Of particular interest is whether LAIV-delivered RSV epitopes can induce memory T-cell responses that persist at the site of infection of the target pathogen. For the majority of respiratory pathogens, the establishment of lung tissue-resident memory CD8 T cells (T~RM~) can provide a first line of adaptive cellular defense on exposure to the same or similar pathogen, because CD8 T cells are targeted primarily to the relatively conserved viral proteins (reviewed in ([@bib43]; [@bib46])). A recent study found that LAIV, but not inactivated influenza vaccine (IIV), can efficiently promote robust long-lived influenza-specific T~RM~ responses that provide protection against heterologous influenza virus challenge, independent of circulating T cells and neutralizing antibodies ([@bib48]). The current study was undertaken to obtain a deeper understanding of how influenza-specific and RSV-specific memory T-cell immunity is established in the lungs after intranasal (i.n.) immunization with the recombinant LAIV-RSV viruses, and in particular whether the insertion of an immunodominant foreign CD8 T-cell epitope can affect anti-influenza T-cell immunity in the lungs.

2. Materials and methods {#sec2}
========================

2.1. Cells, viruses, peptides {#sec2.1}
-----------------------------

Hep-2 cells (ATCC CCL-23) were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Capricorn, Germany) and antibiotic-antimycotic solution (AA) (Thermo Fisher Scientific, USA).

Recombinant H7N9 LAIV-RSV viruses were previously generated by means of reverse genetics, on A/Leningrad/134/17/57 backbone ([@bib22]). These viruses expressed the RSV cassette containing human RSV A2 strain M2-1 fragment (amino acids 70 to 101 and 114 to 146) in the C-terminal NA \[LAIV+NA/RSV\] or NS1 truncated to 126 amino acids \[LAIV+NS/RSV\] open reading frames. The viruses were propagated in 10--11-day-old chicken embryos for 2 days at 33 °C and stored in aliquots at −70 °C.

RSV A2 strain virus was obtained from the Smorodintsev Research Institute of Influenza (Saint Petersburg, Russia) and propagated in Hep-2, as described previously ([@bib21]). To prepare the FI-RSV vaccine, formalin was added to the RSV-containing supernatant to a concentration of 1:4000, incubated for 72 h at 37 °C and centrifuged at 30 000 *g* and 4 °C for 1 h. The pellet was suspended in Dulbecco\'s phosphate-buffered saline (PBS), and stored in aliquots at −70 °C. The RSV titer was determined by plaque assay in 6-well plates seeded with Hep-2 cells. Serially diluted RSV was inoculated onto the cell monolayer, and incubated for 2 h at 37 °C. The cells were then covered with an overlay containing DMEM and 0.9% agarose (Thermo, USA). After 5 days\' incubation, the cells were fixed in 1% formaldehyde and the immune plaques were developed using primary anti-RSV F monoclonal antibody (MAB 8599, EMD Millipore Corp., USA), secondary horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG antibody (Southern Biotech, USA) and 3,3′diaminobenzidine (DAB) substrate (Thermo Scientific, USA). The RSV titer was expressed in plaque-forming units (PFU) per ml.

RSV strain A2 matrix protein peptide M2~82--90~ (SYIGSINNI) was chemically synthesized by Almabion Ltd (Russia) with a purity of more than 80%, as measured by high-performance liquid chromatography. The peptide was reconstituted in dimethyl sulfoxide at a concentration of 1 mM and stored at −70 °C in single-use aliquots.

2.2. Mouse immunization and challenge {#sec2.2}
-------------------------------------

Female BALB/c mice aged 6--8 weeks were purchased from Stolbovaya Laboratory Animal Breeding Nursery (Moscow region, Russia). Mice were housed at the Animal Facility of the Institute of Experimental Medicine. The protocol was approved by the Local Ethics Committee of the Institute of Experimental Medicine (No. 3/19 of 25 April 2019). Immunization and bleeding procedures were performed under light ether anesthesia.

Immunization procedures, as well as influenza virus and RSV challenge were performed as previously described ([@bib21]). Briefly, groups of mice were given i.n. immunization with either H7N9 LAIV or one of the LAIV-RSV vaccines \[LAIV+NA/RSV and LAIV+NS/RSV\], at a dose of 10^6^ EID~50~ in a volume of 50 μl, twice at a three-week interval. A control group received two i.n. doses of PBS. There was an additional vaccine group (FI-RSV, n = 10), in which mice were given two 100-μl intramuscular injections of 2 μg of formalin-inactivated purified RSV with AlumVax Hydroxide adjuvant formulation (50 μg) (OzBiosciences, France) at a two-week interval. Three weeks after the second immunization five mice from each group were infected intranasally with 1 × 10^5^ PFU of RSV A2. They were euthanized on day 5 after RSV infection and lungs were collected for virological and histopathological studies. Lung RSV titers were determined as described by ([@bib21]) and expressed as PFU per gram of lung tissue.

2.3. Systemic T-cell immune responses {#sec2.3}
-------------------------------------

On day 7 after the second immunization, spleens were collected from five mice and single splenocytes were isolated in conditioned media (RPMI-1640, Capricorn Scientific, Germany) with AA solution (Thermo Fisher Scientific, USA), 25 mM Hepes (Gibco, USA) and 50 μM 2-mercaptoethanol (Sigma, USA), using 70-μm cell strainers (BD Biosciences, USA). Red blood cells were then lysed with ammonium-chloride-potassium lysing buffer. For intracellular cytokine staining (ICS), 2 × 10^6^ cells were plated into U-bottom well microplates in 50 μl of conditioned media; 50 μl of sucrose-purified influenza virus was added for LAIV-stimulation to a final multiplicity of infection (MOI) of 3.0. Samples for non-peptide and peptide stimulation received 50 μl of conditioned media and were placed in a CO~2~-incubator for 1 h, after which 50 μl of conditioned media was added with 30% FBS, to give a final FBS concentration of 10%. After 16--18 h incubation in a CO~2~-incubator, 50 μl of conditioned media with GolgiPlug™ solution (BD Biosciences, USA) was added to a final dilution of 1:1000; 1 μM of RSV M2~82~ peptide was added to the peptide stimulation group, and incubated for an additional 5 h. Samples were then stained for 20 min at 4 °C in the dark with live/dead fixable stain (ZombieAqua, Invitrogen) and surface antibody-conjugates anti-CD4 (RM4-5) and anti-CD62L (MEL-14) (from BioLegend, USA), and anti-CD8 (53--6.7) and anti-CD44 (IM7) (from Thermo). A Cytofix/Cytoperm kit (BD Biosciences, USA) was used for fixation/permeabilization, then samples were stained with intracellular cytokine antibody anti-IFNγ (XMG1.2) and anti-TNFα (MP6-XT22) (from BioLegend) for 20 min at 4 °C in the dark. Samples were fixed with 1% paraformaldehyde and analyzed by Navios flow cytometer (Beckman Coulter). Positive controls with phorbol myristate acetate (PMA) stimulation (Sigma), non-stimulated controls and isotype controls were also prepared. The number of IFNγ- and TNFα-positive cells in stimulated groups were counted, and the spontaneous cytokine secretion level of non-stimulated controls subtracted. Gating strategy for measuring IFNγ- and/or TNFα-secreting CD8 Tem cells in mouse spleens is shown in [Fig. S1](#appsec1){ref-type="sec"}.

2.4. T-cell immune responses in the lungs {#sec2.4}
-----------------------------------------

On day 7 after the second immunization, the lungs of five mice from each group were perfused with 10 ml of PBS through the right ventricle. The perfused lungs were cut into small pieces and homogenized using 5-mm beads in TissueLyser LT (QIAGEN, Germany), then digested with collagenase (Sigma, USA) and DNAse I (Sigma, USA) for 30 min at 37 °C. The cells were isolated using 70-μm cell strainers (BD Biosciences, USA), and red blood cells were lysed by ammonium-chloride-potassium lysing buffer. To determine the numbers of live and dead cells, staining with ZombieAqua (BioLegend, USA) was used for 20 min at room temperature in the dark. Lung lymphocytes were phenotyped by staining with surface fluorescent antibodies anti-CD4 (RM4-5), anti-CD62L (MEL-14) and anti-CD103 (2E7) (from BioLegend, USA), anti-CD69 (H1.2F3), anti-CD8 (53--6.7) and anti-CD44 (IM7) (from Thermo, USA) for 20 min at room temperature in the dark. Samples were fixed by 1% paraformaldehyde and analyzed with a Navios flow cytometer (Beckman Coulter). Gating strategy for phenotyping IFNγ-secreting CD4 and CD8 T cells in the lungs is shown in [Fig. S2](#appsec1){ref-type="sec"}. For ICS, 2 × 10^6^ lung-derived cells were used with the protocol described above, with additional staining with surface antibody-conjugates anti-CD103 (2E7) (BioLegend) and anti-CD69 (H1.2F3) (Thermo). For lung ICS, only intracellular cytokine antibody anti-IFNγ (XMG1.2) was used.

2.5. Histopathological studies {#sec2.5}
------------------------------

Histopathological changes in the lungs were analyzed in five mice from each test group on day 5 after RSV challenge. We used the method described by ([@bib1]) to detect eosinophils in tissues. Briefly, 5-μm paraffin-embedded lung sections were rehydrated, stained for 1 h in a 1% ethanolic solution of Congo Red (Sigma), counterstained in Karazzi\'s haematoxylin for 10 min, and incubated for 10 min with Alcian Blue 8GX stain at pH 2.5 to detect mucus in the bronchial lumen. The degree of RSV-induced pathology was evaluated as described by ([@bib26]). Briefly, the lung sections were reviewed and evaluated for epithelial damage, peribronchovascular cell infiltrate, and interstitial-alveolar cell infiltrate. Epithelial damage was scored as: 0 (no damage); 1 (increased cytoplasm of epithelial cells without desquamation); 2 (epithelial desquamation without bronchial exudate composed of inflammatory cells); or 3 (bronchial exudate composed of desquamate epithelial cells and inflammatory cells). Peribronchovascular cell infiltrate was scored as: 0 (no infiltrate); 1 (infiltrate up to 4 cells); 2 (infiltrate 5--10 cells); or 3 (infiltrate \>10 cells). Interstitial-alveolar cell infiltrate was scored as: 0 (no infiltrate); 1 (mild, generalized increase in cell mass of the alveolar septa without thickening of the septa or significant air space consolidation); 2 (dense septal infiltrate with thickening of septa); or 3 (significant alveolar consolidation in addition to interstitial inflammation). Eosinophils were counted in 5--10 perivascular areas of each section.

2.6. Statistical analyses {#sec2.6}
-------------------------

Data were analyzed with the GraphPad Prism 6.0 software (GraphPad Software Inc). The statistical significance of virological and immunological outcomes was determined by one-way or two-way ANOVA followed by Holm-Sidak\'s multiple comparisons test. P values less than 0.05 were considered statistically significant.

3. Results {#sec3}
==========

3.1. Recombinant LAIV-RSV viruses induce protective immunity against influenza virus and RSV {#sec3.1}
--------------------------------------------------------------------------------------------

Consistent with our previous report ([@bib21]), the vaccine viruses demonstrated distinct patterns of replication in the upper respiratory tract (URT): high levels of infectious virus were seen in the nasal turbinates of LAIV- and LAIV+NA/RSV-infected mice, whereas no viable virus was detected in the LAIV+NS/RSV group; nevertheless, all three live vaccines induced similar levels of virus-specific serum IgG antibody after two immunizations and fully protected mice against pulmonary replication of virulent homologous influenza virus (data not shown).

3.2. Recombinant LAIV-RSV viruses induce robust systemic RSV M2~82~-specific CD8 memory T-cell responses {#sec3.2}
--------------------------------------------------------------------------------------------------------

The two LAIV-RSV vaccines induced high levels of M2~82~-specific IFNγ-secreting CD8 Tem cells ([Fig. 1](#fig1){ref-type="fig"} ), reflecting our earlier findings that these vaccines induce systemic CD8 T-cell responses ([@bib22]). It is noteworthy that the majority of the IFNγ-secreting CD8 Tem cells were also positive for TNFα cytokine ([Fig. 1](#fig1){ref-type="fig"}). These data are in accordance with the T-cell recall responses seen in BAL and lung tissues of LAIV-RSV-immunized mice after RSV challenge ([@bib21]). Interestingly, the LAIV+NA/RSV recombinant virus induced significantly higher levels of cytokine-secreting CD8 T cells specific to the RSV epitope than the LAIV+NS/RSV candidate, suggesting that the replication capacity of the recombinant virus has an impact on the vaccine\'s immunogenicity. The FI-RSV vaccine was unable to induce systemic CD8 T-cell responses to the RSV M2~82~ epitope, which is in line with other studies ([@bib23]; [@bib33]) ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1Systemic RSV M282-specific effector memory CD8 T-cell responses, measured in mouse spleen on day 7 after the second immunization. A. Representative flow cytometry plots for IFNγ and TNFα expression by Tem cells. B. Percentages of CD8 Tem cells expressing one or both cytokines. Data were analyzed with multiple t tests with Holm-Sidak\'s correction.Fig. 1

3.3. Recombinant LAIV-RSV viruses induce robust CD8 T-cell responses and increase the proportion of CD69^+^CD103^+^ CD4 and CD8 effector memory T cells in the lungs {#sec3.3}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------

Since the LAIV-RSV vaccine candidates are delivered intranasally, i.e. at the site of entry of influenza virus and RSV, it was important to ascertain the magnitude of the induced T-cell responses directly in the lungs. No significant differences were observed in the numbers of CD4 and CD8 cells in the lungs of immunized and control mice on day 7 after the second vaccine dose ([Fig. 2](#fig2){ref-type="fig"} A). However there were significant differences in the relative proportions of these T cells. The CD8 to CD4 ratio was significantly higher in the LAIV-RSV vaccine groups than in the control group, suggesting that robust CD8 lung-localized T-cell responses were induced by both recombinant viruses ([Fig. 2](#fig2){ref-type="fig"}B). The CD8 response in the LAIV+NA/RSV group was even more pronounced, showing a significant difference with the CD8/CD4 ratio in both the LAIV and FI-RSV groups.Fig. 2CD4 and CD8 T cells in the lungs of immunized mice. A. Total number of CD4 and CD8 T cells in the lungs on day 7 after the second immunization. Data were analyzed with two-way ANOVA. B. Ratio of CD8 to CD4 T cells in the lungs. Data were analyzed with one-way ANOVA (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001).Fig. 2

CD103, a mucosal lymphocyte surface marker integrin αEβ7, and CD69 have been widely accepted as the common markers of tissue-resident cells in mucosal and some non-mucosal tissues ([@bib24]). Seven days after the second immunization, the levels of effector memory CD4 T cells expressing CD69 early activation marker were not significantly higher in the lungs of immunized mice than in those of the control group ([Fig. 3](#fig3){ref-type="fig"} B). However, significant levels of CD4 Tem cells, expressing both CD69 and CD103 markers associated with tissue residence, were identified in the lungs of mice immunized with either of the LAIV-RSV vaccine candidates ([Fig. 3](#fig3){ref-type="fig"}B). This is somewhat surprising because CD103 is usually expressed only by some subsets of CD8 T~RM~ ([@bib31]). Nevertheless, several studies have identified distinct populations of CD4 T cells that carry typical T~RM~ markers in both mouse and human lungs, with the CD4 T~RM~ cells usually carrying less CD103 or expressing CD11a instead of CD103 (reviewed in ([@bib24])). In this study, the CD69^+^CD103^+^ CD4 Tem cells were induced only by the recombinant viruses carrying RSV epitopes, and not by LAIV alone, which suggests that the RSV cassette is involved in the formation of CD4 T~RM~ cells after prime-boost immunization.Fig. 3Expression of CD69 and CD103 TRM markers by CD4 and CD8 T cells in the lungs of immunized mice. A. Representative flow cytometry plots for CD69 and CD103 expression by CD4 and CD8 Tem cells. B. Percentages of CD69^+^ (left panel) and CD69^+^CD103+ (right panel) CD4 and CD8 Tem cells. Data were analyzed with one-way ANOVA (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001).Fig. 3

Similarly, the proportion of CD8 Tem cells possessing either CD69 or both CD69 and CD103 surface markers in the lungs was significantly increased by immunization with a recombinant LAIV-RSV virus ([Fig. 3](#fig3){ref-type="fig"}). Although LAIV provoked the development of CD8 T cells with dual T~RM~ phenotype in the lungs, the proportion of these cells among all CD44^+^CD62L^−^ effector memory CD8 T cells was relatively low and substantially lower than in the LAIV-RSV groups. Our data suggest that the inserted CD8 RSV epitope is immunodominant, and capable of generating resident memory CD8 T cells in the lungs after local delivery to the mucosal sites. This is in agreement with other studies involving intranasal delivery of RSV M2~82~ epitope using different viral vectors ([@bib30]; [@bib38]).

3.4. Recombinant LAIV-RSV viruses induce memory T cells specific to LAIV and RSV which also express tissue resident markers {#sec3.4}
---------------------------------------------------------------------------------------------------------------------------

As expected, the LAIV and both LAIV-RSV vaccines induced robust influenza virus-specific CD4 and CD8 T-cell responses in the lungs, with similar levels of IFNγ-positive CD4 T cells ([Fig. 4](#fig4){ref-type="fig"} ). Influenza-specific CD8 T-cell responses in the lungs were more pronounced in mice immunized with LAIV than in the two LAIV-RSV vaccine groups. This suggests that the insertion of the RSV epitopes in the LAIV virus can change the distribution of CD8 T-cell specificity in the lungs after intranasal immunization ([Fig. 4](#fig4){ref-type="fig"}). Indeed, high levels of RSV M2~82~-specific IFNγ-secreting CD8 T cells were observed in the lungs of mice immunized with LAIV-RSV, confirming that the RSV peptide is highly immunogenic and efficiently establishes RSV-specific effector memory in the lungs ([Fig. 5](#fig5){ref-type="fig"} ). The RSV-specific CD8 T-cell responses were more robust in the LAIV+NA/RSV group than in the LAIV+NS/RSV group, which is in line with the systemic CD8 responses measured in spleens ([Fig. 1](#fig1){ref-type="fig"}). Since influenza-specific CD8 T-cell responses are identical in these vaccine groups ([Fig. 4](#fig4){ref-type="fig"}), the differences in the expression of the RSV cassette by these two vaccine viruses could be the reason for diverse RSV-specific responses.Fig. 4Influenza-specific IFNγ-producing T cells in the lungs. A. Representative flow cytometry plots for IFNγ expression by CD4 and CD8 Tem cells. B. Percentages of IFNγ-positive T cells among total CD4 or CD8 T-cell populations in the lungs (left panel) or among the corresponding effector memory subset (right panel). Data were analyzed with one-way ANOVA with Holm-Sidak\'s multiple comparisons test (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001).Fig. 4Fig. 5RSV-specific IFNγ-producing T cells in the lungs. A. Representative flow cytometry plots for IFNγ expression by CD8 Tem cells. B. Percentages of IFNγ-positive T cells among total CD8 T-cell population in the lungs (left graph) or among the corresponding effector memory subset (right graph). Data were analyzed with one-way ANOVA with Holm-Sidak\'s multiple comparisons test (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001).Fig. 5

The vast majority of influenza virus-specific CD4 T cells had CD69^+^CD103^-^ phenotype, which is in line with previous findings that the CD4 T~RM~ cells usually express CD11a instead of CD103 marker ([@bib24]) ([Fig. 6](#fig6){ref-type="fig"} A). Since influenza-specific CD4 in the lungs do not have CD103, the CD103-positive CD4 Tem found in the lungs of LAIV-RSV immunized mice ([Fig. 3](#fig3){ref-type="fig"}B) might originate from the RSV M2~131-145~ CD4 epitope inserted into the LAIV genome within the RSV cassette ([@bib16]; [@bib22]). Strikingly, although the majority of the influenza-specific CD8 Tem cells in the lungs of LAIV- and LAIV-RSV-vaccinated mice expressed CD69 marker, the second canonical T~RM~ marker CD103 was present at much higher frequencies in the LAIV-RSV groups than in the LAIV group ([Fig. 6](#fig6){ref-type="fig"}A). Given that the proportion of the IFNγ-secreting influenza-specific CD8 Tem cells in the lungs of immunized mice was significantly higher in the LAIV group than the LAIV-RSV groups, it can be speculated that the RSV insert had a significant impact on influenza-specific CD8 T~RM~ differentiation or maintenance. This suggestion is supported by the evidence that there were more influenza-specific CD8 T~RM~ in the LAIV+NA/RSV group than in the LAIV+NS/RSV group, and the NA-modified recombinant virus had higher RSV-specific CD8 responses than the NS-modified LAIV-RSV candidate, both in spleen ([Fig. 1](#fig1){ref-type="fig"}) and in the lungs ([Fig. 5](#fig5){ref-type="fig"}). Nevertheless, the RSV M2~82~ epitope-specific CD8 T~RM~ levels were similar in the two LAIV-RSV groups ([Fig. 6](#fig6){ref-type="fig"}B). Importantly, only 65--70% of lung-localized RSV-specific CD8 Tem cells possessed the CD69 marker, whereas almost all influenza-specific CD8 Tem were CD69-positive ([Fig. 6](#fig6){ref-type="fig"}A).Fig. 6The expression of TRM markers by LAIV virus-specific and RSV M282 epitope-specific Tem cells in the lungs of mice immunized with LAIV or LAIV-RSV candidates. A. Expression of CD69 and CD103 markers by influenza-specific CD4 and CD8 Tem cells induced by immunization with indicated vaccine. B. Expression of CD69 and CD103 markers by RSV-specific CD8 Tem cells induced by immunization with indicated vaccine. Data were analyzed by 2-way ANOVA with Holm-Sidak\'s multiple comparison test (\*p \< 0.05, \*\*\*\*p \< 0.0001).Fig. 6

3.5. Induced RSV-specific T cells protect mice against RSV without immunopathology {#sec3.5}
----------------------------------------------------------------------------------

After challenge with live RSV A2 strain, the infectious virus was detected at significantly lower levels in both LAIV-RSV groups, compared with the PBS and LAIV only groups ([Fig. 7](#fig7){ref-type="fig"} B). No RSV plaques were seen in the lungs of mice in the FI-RSV group, which is in line with previously published studies. A comparative histopathological study of the preparations of the lungs of mice on day 5 after challenge with live RSV A2 revealed the presence of homogeneous changes in the peribronchiolar and perivascular zones, as well as alveolar interstitium, atelectasis and emphysema, to different degrees in the different groups of mice. In the control groups, the areas of pulmonary tissue collapse accounted for 1/5 to 1/3 of the histological section area, and were often accompanied by emphysematous dilated alveoli along the periphery of the lung lobes, indicating uneven air filling in the alveoli. In both LAIV-RSV groups, damage to the bronchiolar epithelium and signs of alveolar-interstitial cell infiltration were minimal ([Fig. 7](#fig7){ref-type="fig"}C). These vaccines protected mice against both damage to lung tissue by RS virus and reduced respiratory function. In the FI-RSV group, overproduction of mucus (stained with Alcian blue) in the bronchi and bronchioles, bronchiolelectasis, peribronchiolar and perivascular infiltration with mononuclear cells, and eosinophilic leukocytes (inclusions in the cytoplasm stained with Congo red) were noted. These pathological changes were not observed in the other test groups. Overall, histopathological evaluation of lung sections of RSV-challenged mice revealed a high degree of protection by LAIV-RSV vaccines, with evidence of slightly higher protection against pulmonary pathology in the LAIV+NA/RSV group than the LAIV+NS/RSV group. These findings indicate that the more robust RSV-specific CD8 T~RM~ responses induced by the LAIV+NA/RSV vaccine could have played a role in better protection against RSV disease.Fig. 7Assessment of RSV replication and histopathological examination of lungs of mice five days after challenge with RSV. A. Representative photographs of the lung sections simultaneously stained with Congo Red, haematoxylin and Alcian blue. B. Replication of RSV A2 strain in the lungs of immunized mice at day 5 after RSV challenge. C. Scores of pathological changes. Data were analyzed with one-way ANOVA with Holm-Sidak\'s multiple comparisons test (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001).Fig. 7

4. Discussion {#sec4}
=============

RS virus is able to cause recurrent infection in people because it does not produce a long-lived immunological memory. In particular, it has been shown that RSV infection leads to suboptimal activation of dendritic cells, which subsequently leads to impaired immunological synapse formation, causing insufficient activation of naïve lymphocytes, failure of differentiation, and absence of long-lived T-cell memory in the tissue ([@bib8]). In contrast, infection with influenza virus produces a long-lived protective immune response, with the antigen being presented in an optimal way for formation of immunological memory. LAIV virus replicates in the upper respiratory tract and generates an immune response similar to that to natural influenza infection, including antibody- and cell-mediated immunity. It is thus a promising viral vector for the delivery of immunogenic epitopes of other respiratory viruses, including RSV, to the site of virus infection. We hypothesized that individual RSV epitopes delivered to the site of infection by LAIV, in the absence of the other RSV proteins, could activate dendritic cells in an optimal way, inducing various T cell memory populations. We had previously generated two LAIV-RSV recombinant viruses, which carry several immunogenic epitopes of RSV M2 protein. These viruses have been shown to induce a functional cytotoxic T-cell response and to protect mice against both influenza and RSV challenge without causing immunopathology and eosinophil infiltration ([@bib22], [@bib21]). In accordance with other studies, truncation of NS1 protein in the LAIV+NS/RSV candidate led to the inability to cause a productive infection in the respiratory tract, without affecting the immunogenicity against influenza ([@bib7]; [@bib44]; [@bib50]).

For viruses like RSV, it is important to establish the precise mechanisms of the development and maintenance of virus-specific immunity, especially in light of the severe immunopathology caused by the excessive generation of RSV M2 epitope-specific systemic memory CD8 T cells after natural RSV infection ([@bib38]). Our previous studies demonstrated that our LAIV-RSV vaccine candidates generate systemic RSV M2~82~-specific CD8 T cells and a robust recall response in the BAL and lungs of immunized mice following RSV challenge, which accelerated viral clearance without exacerbation of disease ([@bib22], [@bib21]). However, we have not previously measured the magnitude of different memory T-cell subsets, such as effector memory and tissue-resident memory, which have RSV- or LAIV-specificity. Since the vaccines being developed are assumed to be effective against both influenza and RSV, it is important to understand the balance between T-cell responses to both pathogens after vaccination.

The current study found that both vectored LAIV-RSV vaccine candidates generated significant levels of both IFNγ- and TNFα-secreted RSV M2-specific CD8 Tem cells, most of which were double cytokine producers. This is in accordance with the recall response data from the previous study ([@bib21]). Importantly, in contrast to the study by ([@bib38]), these functional systemic RSV-specific double cytokine-producing CD8 memory T cells did not cause immunopathology following RSV infection.

A number of recent experimental studies reported the establishment of a specialized subset of memory T cells that remain in the tissue and do not re-enter the circulation following the resolution of infection (reviewed by ([@bib32]; [@bib43])). These resident memory T cells can quickly respond to the invading pathogen, either by secreting cytokines and chemokines to recruit immune cells to the infected tissue ([@bib28]) or by rapid proliferation and killing of the infected cells ([@bib37]), thus providing local protection immediately after infection. Such T~RM~ in the lungs are commonly identified by the expression of CD69, an early activation marker, and the αE integrin (CD103) chain of αEβ7 which binds E-cadherin and helps to retain T~RM~ specifically in tissues ([@bib5]). A recent study found that immunization with LAIV could efficiently induce lung-localized T~RM~ ([@bib48]). We therefore assessed the levels of Tem cells (CD44^+^CD62L^−^) with surface markers T~RM~ CD69 and CD103 in the lungs of mice immunized with LAIV, LAIV-RSV candidates and FI-RSV. Phenotyping of lung lymphocytes showed that both the vector itself and the vectored vaccines induced CD8 T~RM~ with the double phenotype CD69^+^CD103^+^; however, the vectored vaccines generated a significantly higher level of T~RM~ than LAIV. Unexpectedly, we found that the vectored vaccines also stimulated the formation of CD4 Tem cells with CD69^+^CD103^+^ phenotype. This can be explained by the inclusion in the RSV construct of the CD4 epitope of the M2-1 RSV protein amino acids 131 to 146, which is specific for Th1 and stimulates the production of interferon in BALB/c mice ([@bib27]). The response to this peptide was not assessed in the current study, since our early experiments showed an absence of detectable systemic CD4 T-cell responses to this epitope after vaccination with the LAIV-RSV vaccine candidates (unpublished data). However, in the light of the current study, it is worthwhile to estimate the level of RSV М2~131-146~-specific CD4 T-cell responses in the lungs. The induction of such CD4 T~RM~ could play a significant role in keeping a balance of RSV-specific CD4/CD8 T-cell responses after immunization with LAIV-RSV vaccine, thus preventing lung immunopathology. In addition, CD103-expressing CD4 T cells are not usually detected in the lungs ([@bib31]); the CD4 T~RM~ are rather localized in the interstitium of the lung and express CD49b as a typical marker ([@bib35]). Therefore, in future experiments, both CD103 and CD49b markers should be used to assess RSV-specific CD4 T-cell responses in the lungs of mice immunized with LAIV-RSV vaccine candidates.

The LAIV vector itself induced rather weak T~RM~ responses, which is in contrast to a previous study that found high levels of CD103-positive CD8 T~RM~ in mice immunized with commercial LAIV ([@bib48]). In that study, a quadrivalent vaccine formulation was used, including two influenza B viruses (FluMist) at a dose of 10^5.5^-10^6.5^ FFU per strain, whereas in our study all vaccines were administered as a single strain at a dose of 10^6.0^ EID~50~. The antigen load could have played a role in the formation of memory T-cell responses in the lungs of immunized mice. In addition, Zens et al. used C57BL6/J mice, which differ significantly from BALB/c mice in the development of T-cell immune responses to influenza ([@bib4]; [@bib39]).

We further estimated the levels of influenza virus-specific CD4 and CD8 T~RM~ cells in the lungs of immunized mice, as well as RSV M2~82~ epitope-specific CD8 T~RM~. Specificity was determined by IFNγ secretion upon *in vitro* stimulation of isolated lung cells with the corresponding antigen. For maximal influenza epitope coverage we used whole virus for lymphocyte stimulation. As expected, the LAIV and both LAIV-RSV groups induced strong virus-specific CD4 and CD8 Tem responses after vaccination. While CD4 T-cell responses to influenza were similar in the LAIV and LAIV-RSV groups, the influenza-specific CD8 Tem cell levels were significantly higher in the LAIV group than in the LAIV-RSV groups. Interestingly, the vast majority of influenza-specific CD4 T cells in the lungs possessed the CD69^+^CD103^-^ phenotype, with no differences between the LAIV and LAIV-RSV groups, further indicating that the CD69^+^CD103^+^ CD4 memory T cells found in the LAIV-RSV groups are not specific for influenza. Surprisingly, 40--60% of influenza-specific CD8 Tem cells induced by LAIV-RSV chimeric viruses were positive for both T~RM~ markers CD69 and CD103, whereas the corresponding proportion in the LAIV group was significantly lower. These data suggest that the robust T~RM~ response to the inserted RSV immunodominant epitope could have boosted the influenza-specific T~RM~ responses as well. Indeed, the recombinant vaccines induced high levels of RSV-specific CD8 Tem, about 75% of which carried CD69, while at last half had the "dual" T~RM~ CD69^+^CD103^+^ phenotype. There was a clear dependence on the magnitude of induced RSV-specific and influenza-specific CD8 T~RM~ responses, with higher frequencies in the LAIV+NA/RSV group, compared with LAIV+NS/RSV group. A possible explanation for the co-stimulatory effect of the RSV epitope on T~RM~ formation to influenza virus epitope(s) is that differentiation of effector CD8^+^ T cells into tissue-resident memory CD8^+^ T cell populations occurs in response to cytokines, such as transforming growth factor (TGF-β) and, to a lesser extent, IL-33 and tumor necrosis factor alpha (TNFα) ([@bib25]; [@bib32]; [@bib47]; [@bib49]). It is possible that the local microenvironment formed by the RSV-specific memory T cells in the lungs can increase influenza-specific CD8 T~RM~ formation, which is relevant since all these epitopes are expressed together within an infected cell and can be simultaneously processed through the MHC-I pathway.

About 25% of the RSV-specific lung-localized Tem did not have T~RM~ markers and were probably migratory Tem cells. The major limitation of our study is that we did not use an intravascular antibody-labeling procedure to differentiate the population of T cells that reside permanently in the lungs and those that transit the tissue and re-enter the bloodstream ([@bib2]). However, the identification of virus-specific CD8 T cell subsets expressing both CD69 and CD103 markers suggest that they remain in lung tissue ([@bib24]). It should be noted that the localization of T~RM~s in peripheral tissue is important and depends directly on their phenotype. Thus, two "lines of defense" can be distinguished: the first is T~RM~ cells located directly in the respiratory tract, which are the first to encounter infection. They possess CD103 marker (receptor for E-cadherin), which determines their location within the epithelial cells of the respiratory tract, and this is probably why the proportion of CD69^+^CD103^+^ CD8 T cells is relatively low. The second line of defense against reinfection is T~RM~s located in the interstitium of the lungs and basal membranes of the epithelium of the respiratory tract. These possess CD49a marker, the VLA-1 receptor that binds to type I and IV collagen ([@bib43]). In the current study, we observed a decrease in RSV titer at only one time point (5 days post challenge), while it would be important to assess the impact of the CD8 T~RM~ levels on the kinetics of RS virus clearance from the lungs of immunized mice.

Overall, the results of our study indicate that the designed LAIV-RSV recombinant viruses carrying immunodominant T-cell epitopes of RSV are capable of inducing balanced cell-mediated immune responses in the lungs that afford strong protection against both influenza and RSV without causing pathological changes in the lung tissues. The LAIV vector not only delivered the RSV epitopes to the site of viral entry, but also correctly presented these epitopes to the immune system. This is the first evidence that LAIV vector-based vaccination can induce robust lung-localized T-cell immunity to the inserted T-cell epitope of a foreign pathogen, without altering the immunogenicity of the viral vector itself. Since the LAIV-RSV vaccine is also designed for the elderly as a risk group for RSV infection, it is important to evaluate the immunogenicity of the recombinant viruses in aged mice as well.

H7N9 pandemic LAIV was used in this study for modelling purposes, as this strain is known to replicate well in the upper (but not lower) respiratory tract, inducing high virus-specific neutralizing antibody titers, as well as cell-mediated immunity ([@bib42]), but any other LAIV strain could be used for this purpose. It is of note that the insertion of foreign epitopes in the NA other than N9 might yield slightly different immunogenicity to the target pathogen, whereas insertion in the NS gene of LAIV virus is universal and can be combined with any other HA and NA genes of LAIV viral vector. Our results provide a rationale for generating a universal multivalent vaccine against various pathogens that naturally target the human respiratory tract, such as RSV, parainfluenza viruses, adenoviruses, coronaviruses, metapneumoviruses, and rhinoviruses.

To conclude, the LAIV-RSV constructs evaluated in this study were generated as a proof-of-concept for detailed assessment of the establishment of CD4 and CD8 T-cell subsets in mice following intranasal immunization. The promising data obtained allow the further development of T cell-based RSV vaccines by incorporating human RSV epitopes into the LAIV genome. RSV human challenge models will help to accelerate this vaccine development ([@bib12]). In particular, new data are emerging regarding RSV epitopes for CD4 airway-resident T cells ([@bib11]) and CD8 resident memory T cells ([@bib17]) with a defined immunodominance hierarchy. In addition, a combination of B-cell and T-cell RSV epitopes can be considered for RSV vaccine design ([@bib34]). It is desirable that the safe and immunogenic RSV vaccine should contain a B-cell epitope with neutralizing activity, a CD4 epitope (most likely Th1, so that there is no possible bias towards Th2 and Th17, which are associated with asthma) and CD8 epitopes, both highly immunogenic and less dominant ([@bib36]).
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